An electric field parallel to electrode arrays, which can be realized by switching DC electric fields, allows the electrophoretic levitation and focusing of negatively charged particles at the height of the anodes in the electrode arrays. Electric field calculations predict that charged particles will migrate parallel to the electrode array. The trajectories of particles well reflect the calculated electrical field. The present principle is also applied to the focusing and sweeping of the particles. Results obtained with varying experimental variables indicate that an increase in applied voltage results in a linear increase in an initial focusing rate but lowers the focusing efficiency. Also, the focusing efficiency is enhanced with decreasing intervals of field-switching. These results strongly suggest that the elimination of the large lateral movements of particles is important to attain high focusing efficiency.
Introduction
The recent developments of preparation techniques of nanoparticles have led to a new stream in various scientific and technological disciplines including nanotechnology, biotechnology, and environmental science. Although various methods for the bottom-up preparation of particles and for their effective surface modification have been devised, nanoparticles should be characterized before use in terms of their sizes, shapes, and surface properties. [1] [2] [3] [4] Direct observations by an electron microscope are usually employed for this purpose. Since the sizes and shapes of as-synthesized particles are varied to some extent, separation in terms of their sizes is useful for understanding nanoparticle chemistry and exploiting new applications. Gel electrophoretic separation has, for example, revealed that the core shells of gold nanoparticles are stabilized at the specific numbers of constituent atoms. 5 Thus, separation not only facilitates the applications of particles but also elucidates their intrinsic nature.
Separation of particles strongly relies on a physical field, such as electric, 6 magnetic, 7 acoustic, 8 and optical radiation force, 9 because chemical interactions used for molecular separation do not act effectively on individual particles. The nature of a fluid flow is also important for successful particle separation since separation is carried out in a flow-based system in most cases. Thus, the effect of a fluid flow as well as that of the physical force should be taken into consideration to interpret the results of particle separation. A newly developed field should be first evaluated by direct observation of particle behavior in a static solution because no influence of a flow is involved. In addition, the direct observation of particle behavior provide useful bases to design efficient ways for particle manipulation. 10, 11 In analytical chemistry, particle manipulation facilitates various processes involved in analytical procedures, such as condensation, filtration, trapping, and sensing. 12, 13 Such demands have become stronger with the recent developments of microfluidic devices. 14, 15 An electric force is a classical but still an attractive physical force for particle manipulation and separation because of instrumental simplicity and a number of versatile experimental options such as a choice of mechanism, various experimental variables, and the arrangement of electrodes. Although electrophoresis and dielectrophoresis are typical principles for the manipulation of particles by an electric field, the latter has been much more extensively employed for this purpose and a number of operation modes have been proposed. 6, [16] [17] [18] [19] [20] Serious drawbacks of dielectrophoresis are its inapplicability to small molecules and the adhesion of particles on electrodes. The former problem can be overcome if we work with an electrophoretic principle. However, it is still difficult to avoid the contact of particles (or solute) with electrodes as far as operations rely on a usual DC or AC electric field.
If we can move particles parallel to electrodes, the contact of particles with electrodes can be avoided. In addition, if this operation is realized based on an electrophoretic principle, a new option is available not only for particle manipulation but also for molecular handling as a result. In this paper, we present the feasibility of electrophoretic levitation and focusing of particles parallel to electrode arrays by switching DC electric fields. Although the results of micron to submicron particles are shown here, the same principle is applicable to nanoparticles and molecules.
Experimental
Two cells illustrated in Fig. 1 were used to observe particle behavior in a switched electric field. One was a flat horizontal cell to follow the trajectories of particles (Cell I). The other was a vertical three-chamber cell for levitation of particles (Cell II). Both cells were made of acrylic glass.
Cell I had a flat dish-like form with a depth of 9 mm. Six shielded platinum wires (f = 0.2 mm) were inserted through a 280 ANALYTICAL SCIENCES FEBRUARY 2009, VOL. 25 rubber piece put on the bottom of the cell. The tips of the electrodes were electrically in contact with a solution that filled the cell. The spacing between adjacent electrodes was 0.75 mm. Particle behavior was observed under an optical microscope. Cell II was composed of three major parts. A 2 mm-thick U-shaped spacer was sandwiched by two electrode chambers. Two dialysis membranes (pore diameter, 5 nm) were held as septa between the electrode chambers and the spacer. The middle space surrounded by the spacer and dialysis membranes acted as a sample chamber. Three platinum wires (f = 0.2 mm) were fixed with 1.6 mm spacing to form an electrode array, which was accommodated in each electrode chamber. The horizontal spacing between the electrode arrays was ca. 3 mm. Particle behavior was observed through the acrylic glass spacer by a CCD camera installed beside the cell.
The electrode arrangement is shown in Fig. 2 . Electrical voltage was imposed on the electrodes (E1 -E6) by a DC power supply (Kikusui Model RBIO-2U). An electrical current was monitored by a digital multimeter (Iwatsu Model VOAC7512). Six high-voltage electrical relays (Sankyo International, DPE1A12-20) were controlled via a relay board (Kyoritsu, RBIO-2U) by a program written with LabVIEW8 (National Instruments). DC voltage (V) was varied from 5 to 15 V, and the time interval for switching an electrical field (t) was 2 -20 s. Since negatively charged particles were used throughout the present study, the middle electrodes (E2 and E5) were anodes and the rest of them were cathodes unless otherwise stated. When a DC voltage was applied between E2 and E4 and between E2 and E6, the other electrodes were kept electrically insulated. A voltage was applied to another electrode set (E1, E3 and E5), and E2, E4, and E6 were insulated at the next step. These steps were repeated by alternate activations of six electric relays. An electric field was switched at a constant time interval of t = 1 -15 s.
Two types of polystyrene (PS) latexes, i.e. 0.1 mm (10 wt% solution from Aldrich) and 12 mm (50 mg mL -1 solution from Corefront), were used as samples. The concentration of the 0.1 mm latex in a sample solution was 0.025 wt%. For the 12 mm particle, the stock solution was diluted into an appropriate concentration so that the behavior of a single particle was observed. Their zeta potential (x) and mobility (m), measured with an Otsuka Electric zeta potential analyzer Model Z, were x = -33.53 ± 1.63 mV and m = -2.631 ± 0.128 ¥ 10 -8 m 2 V -1 s -1 for the 0.1 mm particle, and x = -21.73 ± 0.35 mV and -1.705 ± 0.028 ¥ 10 -8 m 2 V -1 s -1 for the 12 mm particle. The particles were suspended in a 15% aqueous sucrose solution to prevent particle settlement by balancing the densities. The brightness value of each pixel was read out from a captured photo with the resolution of 256 steps (0 for white to 255 for black) and was used as a measure of the particle concentration.
Results and Discussion

Electric field profiles
Polystyrene latexes used in this work have negative zeta potential and migrate toward the anodes. A positive voltage is therefore applied to the middle electrodes, E2 and E5, to levitate and focus the particles at the level of the middle electrodes. Electric field profiles in the cells were calculated for simplified electrode geometries, which assumed point electrodes for Cell I and infinitely long electrodes for Cell II. When E1, E3, and E5 are activated, the electric potentials at a given point of coordinate (x, y) in Cells I and II are represented by the following equations, respectively: Similarly, the potentials after field switching (E2, E4, and E6 are activated) are given by
where a and b are the distances between adjacent electrodes illustrated in Fig. 2 , and A and B are constants depending on the voltage applied to the electrodes. The overall potential averaged over the time period sufficiently longer than t are therefore represented by Eqs. (5) and (6) .
Vx,y(I)
The electric field strengths to the x and y direction at the coordinates y = yi and x = xi are given by the partial differentials of Vx,y of x and y, respectively.
(Ey)x i = I ∂Vx,y ∂y J x=xi (8) Figure 2 shows the vector representation of electric potential gradients for a negatively charged particle in Cell II. Although our main interest in this work is the electrophoretic movements of charged particles to the y direction, this figure implies that particles possibly migrate to the x direction as well; the x-direction force is particularly strong near the electrode. However, an electric field to the y direction is generated by the present procedure, and, thereby, particles move toward the line (y = b) connecting middle electrodes. Figure 3 illustrates the y-direction field strength along the central line of x = a/2. The y-direction field strength is varied with the distance from an electrode. The maximum value is reached at ca. y = 0.28b, and the field becomes zero at y = b.
Behavior of a single particle in Cell I
The behavior of 12 mm particles in Cell I was observed under an optical microscope. The position of a single particle was measured every 10 s under the field of V = 2 V and t = 1 s. This observation was repeated several times. Figure 4 shows the trajectories of particles. The particles basically migrate to the y-direction but also show x-direction movement particularly near the middle electrodes. These movements are consistent with the prediction shown in Fig. 2 . As shown above, the migration velocity of a charged particle is expected to show the maximum between an anode and cathode. Figure 5 shows the variation of Although the maximum appears at a position slightly different from theoretical prediction, the tendency shown in Fig. 2 is clearly seen in the experimental plots. Thus, particles successfully migrate parallel to electrode arrays.
Particle focusing and levitation in Cell II
It is an advantage of the present electric field that the focused levitation of particles is feasible even when they are dispersed in an entire solution. The sample chamber is separated from electrodes by dialysis membrane in Cell II, which eliminates effects of gas babbles generated by electrolysis on the behavior of particles. Figure 6 shows photos of the particles in the cell before and after applying a switched field. Before an electric field is applied, the particles are suspended in the entire solution put in the sample chamber. Since scattered light was captured by the CCD camera, particles are observed as halftone in the central area. As expected, particles are levitated and focused at the height of the middle electrodes (E2 and E5) as a white band 5 min after the application of the switched field of V = 5 V and t = 5 s. In contrast, the reversed polarity of the field (the middle electrodes as cathodes) sweeps the particles out of the observation area. Some thermal agitations were observed, which affected particle behavior. This may result in an asymmetrical focusing of particles as seen in the right photo in Fig. 6 . In this configuration, outward fields are not very strong because no cathodes are arranged outside of the anodes, and, thus, particles are easily perturbed. Figure 7 shows the effect of an applied voltage on particle movements. The brightness of captured pictures was taken in the ordinate. Figure 7A depicts the time-changes in the brightness at the level of the middle electrodes. The population of focused particles is leveled off at a particular limiting value. Obviously, a high voltage results in a rapid increase in particle concentration but in a low limiting value. The theoretical explanation of the focusing behavior of particles is difficult because the electric field gradient is inhomogeneous and depends on the distance from the middle electrodes. However, the entire changes in the particle concentration with time can be explained by the following first-order rate equation:
The parameters A and k are measures of the efficiency and rate of particle focusing, respectively. The limiting values were A = 34.9, 82.9, 53.6, and 30.8 (a.u.) for V = 5, 10, 12.5, and 15 V, obviously implying that a high voltage does not necessarily lead to high efficiency; the highest A value is reached at V = 10 V, and A decreases with a further increase in V. In contrast, k increases with increasing V; k = 0.225, 0.384, and 1.42 for V = 5, 10 and 15 V, suggesting that the focusing kinetics is enhanced with increasing V.
The diffusion coefficient of 0.1 mm particles is 2.2 ¥ 10 -12 m 2 s -1 according to the Stokes-Einstein law. Assuming that the diffusion of particles can be ignored because the average displacement of the 0.1 mm particles over 5 min is 36 mm, the initial rate of particle focusing at the height of the middle electrodes should be proportional to the local y-direction electric field. The initial slopes of the curves in Fig. 7A , which were determined by linear regression for the data obtained for initial 10 -20 s, are plotted against V in Fig. 7B . The x-intercept of ca. 3 V suggests that the effective voltage is lower than an applied voltage by 3 V because of the electrical double layer polarization. According to the above equation, the initial slope [= (dC/dt)t=0] is equal to kA. Although kA also linearly increases with increasing V, the initial slopes determined in the above way show a clearer linear relation with V, because the initial slope is not affected by the ambiguity involved in A.
Particles should migrate in a zigzag way if we closely look at their movements. The migration to the lateral directions before the field is switched becomes larger as V increases. This movement induces the collision of particles to the membrane and causes their loss from the sample chamber by the adherence on it. The same consideration is also applicable to the results obtained with varying t with constant V as shown in Fig. 8A ; A = 86.0, 77.0, 56.4 36.3, and 25.1 (a.u.) for t = 2, 5, 10, 15, and 20 s with a constant voltage of V = 5 V. With large t, particles can travel over a long lateral distance and their loss results. The efficiency is enhanced with decreasing t, indicating that the direction of particle migration well follows the reversal of the field at least within the studied t range. Figure 8B illustrates the space-variation of the particle concentration along the y-axis 5 min after the application of a switched field. The spatial resolution of measurements was 4.44 ± 0.41 mm, which was determined by the comparison with the electrode intervals. The band width after the completion of the particle condensation was always larger than the diameter of the middle electrodes (0.2 mm). As shown in Fig. 2 , the electric field to the y-direction becomes weak when the particles are focused near the middle electrode; the electric field is formally zero at the middle point between two anodes. This may make tight focusing of particles difficult. Also, thermal agitation and particle diffusion possibly influence the band broadening.
Conclusion
The present operation has proven effective for electrophoretic particle levitation and focusing. Although, in the present paper, we have demonstrated a simple arrangement of electrodes, different configurations are also possible. With arrays having more electrodes, a focusing band position can be varied by controlling electrode polarity. A set of a ring and pin electrodes must be effective for focusing charged materials to the radial direction of a cylinder such as e.g. a capillary. Such designs are particularly interesting when applied to chromatography or other capillary-based separation systems. Also, an advantage of electrophoresis over dielectrophoresis is the applicability to molecular manipulation as mentioned earlier, albeit thoughtful managements of electrolysis and molecular diffusion are required. The present method reduces the contact of solutes with electrodes, and, thus, minimizes their electrolytic loss due to electrochemical reactions. The application of the present principle to molecules is now in progress in our laboratory and will be reported in the near future. 8 Effect of t on the particle focusing with constant V = 10 V (A) and particle distributions 5 min after the field applications (B). The particle distributions were measured within the frames depicted in Fig. 6 .
